In LEED from the (111) surface of platinum the dependence of the spin polarization on the polar angle 0 and the azimuthal angle ~0 in the energy range from E= 60 eV to E = 70 eV was investigated. Our results further confirm earlier findings concerning the symmetry properties of the polarization vector P. An appropriate rotation diagram clearly demonstrates that by means of momentum averaging the strong influence of multiple scattering on spin polarization cannot be eliminated. By systematic analysis of P (E, O, (p) data it is shown that there are strong polarization features which are coupled to a fixed direction of the crystal. Spin up/spin down partial intensities evaluated from simultaneously measured spin polarization and total intensity data show quite different behaviour. Therefore, if spin dependent scattering is strong, the total intensity cannot be calculated correctly within a theory, which handles the multiple scattering spin-independent.
Introduction
Seven years ago the first experimental studies of spin polarization phenomena in LEED were reported for W'(001) and Au(ll0) surfaces [-1-3] . Up to now a great number of experiments have been performed using different experimental techniques, with W(001), Au(ll0), Pt(lll) and Ni(lll) and Fe(110) as crystal surfaces for diffraction. These experiments, which are summed up in the review articles of Feder [4] and Pierce [5] (except for the Fe(ll0) measurements [-6] ) have shown that the spin polarization which arises for non-magnetic materials from spin-orbit coupling is nearly always governed by multiple electron scattering. The aim of this contribution is to show that by analysis of the spin polarization in a sufficiently large range of the experimental parameters, i.e. the energy * Present address: Universit~it Linz, Institut fiir Experimentalphysik, A-4040 Linz-Auhof, Austria E, the polar angle 0 and the azimuthal angle ~0, one can obtain information on the nature of the multiple scattering processes which lead to the pronounced polarization effects observed in LEED. If the experiment is done using an unpolarized electron beam for diffraction, the two spin states (T and +) along the quantization axis r~, which is the normal to the scattering plane, are equally populated. This may be written as /~o -=/0 ~,
Po =Fo_ "I~o [k o x kl"
In Eq.
(1) Po denotes the polarization vector of the incident beam and k o and k are the momentum vectors of the incident and the outgoing beam, respectively.
If the scattering plane, defined by the vectors k o and k, is a mirror plane of the crystal, the quantization axis remains unchanged [7] , even in the presence of multiple scattering. The polarization vector after diffraction is then given by, I ~ -I; P-.fi=P .r~, IT+I s (2) i ~ -i ~ IPI = ~ =P..
In Eq. (2) I ~ and I; denote the spin-dependent diffracted intensities and P is the degree of polarization. In this case, all information on the polarization is obtained by measuring one polarization component, namely P,, perpendicular to the scattering plane.
When the scattering plane is not a mirror plane of the crystal, the quantization axis may change. The two polarization components parallel to the scattering plane therefore generally do not vanish owing to multiple scattering. For Pt(lll), for example, it has been shown that the longitudinal component Pk, which is parallel to the momentum of the outgoing beam, may contain information [8] :
Pk= P 9
with k "=k~ Ikl"
The use of the Pt(lll) surface has the advantage that because of the threefold symmetry of this crystal face the influence of time reversal symmetry on the polarization may be studied by measuring rotation diagrams for individual components of the polarization vector. A further important advantage of the Pt(lll) surface is that it is unreconstructed at all temperatures. (The relaxation of the first layer spacing was found to be about 1% by LEED studies and by ion scattering experiments [9] [10] [11] [12] [13] [14] .) The Pt(lll) polarization data therefore play a predominant role in testing the theory [13, 14] , which so far does not handle reconstructed surfaces. Furthermore, the simple geometry of the crystal surface may simplify interpretation of the polarization data.
Experimental Setup
The polarization measurements in LEED from Pt(111) reported here were done as a double scattering experiment: an unpolarized electron beam is diffracted by the Pt(lll) crystal, and the resulting polarization is analyzed by a second scattering process in a thin gold foil at an electron energy of 120 keV (Mott scattering). The diffraction system, which is operated at a pressure of less than 6x 10 -11 mbar, and the Mott scattering system, which operates at less than 10 .7 mbar, are interconnected by a 90 ~ deflection unit, a diaphragm and the accelerator tube. A schematic drawing of the set up is shown in Fig. 1 , a detailed description having been given earlier [15] . Only some main features will be repeated here: The Mott detector can be rotated about the axis of the incoming electron beam. This allows the polarization components P, and Pk to be analyzed. The electrons, which are scattered in the Au foil, are detected by surface barrier detectors. The four-counter arrangement allows compensation of asymmetries due to misalignment of the detector setup [16] . One part of the counting electronics is put in the high-voltage region, the other is operated at ground potential. The pulses are fed to ground via electrostatically shielded pulse transformers. These pulses are counted and then recorded in a desk computer (HP9815A) which also evaluates the polarization from these data. A schematic of the counting electronics and data processing is given in Fig. 2 . Special care has been taken to achieve a well aligned geometry in the diffraction system because the investigation of the symmetry properties of the polarization requires that the experimental data contain the symmetry expected from that of the crystal face. The optical surface of the crystal was therefore oriented to coincide with the crystallographic (111) plane within 0.1 ~ and a crystal manipulator was constructed [17] , which allows precise adjustment of the crystal rotation axes with respect to the crystal surface. Furthermore, the polar rotation axis can be aligned with respect to the axis of the electron gun and, in addition, the azimuthal rotation axis of the crystal can be adjusted to be perpendicular to the polar axis. The polar angle 0 between the surface normal of the crystal and the probe-hole axis can be varied through 270 ~ and the azimuthal angle (p, whose rotation axis coincides with the surface normal (see Fig. 3 ), can be varied over a range of 200 ~ Both angles can be set to within 0.1 ~ which was necessary for some diffraction conditions where drastic polarization changes were observed within a few tenths of one degree for both angles 0 and (p. The angle of acceptance of the probe-hole was therefore chosen to be about 0.1 ~ . Although the polarization also changes very rapidly as the energy varies, it was preferred to measure at fixed energy with varying angles 0 and ~0, since the energy of the incident electron beam may be reset better than 0.1 eV more easily than the angles to 0.5 ~ The angles 0, (p may vary owing to backlash and time-dependent stray magnetic fields. Here the accuracy for absolute values of the polar angle is limited to _+0.5 ~ , while changes in polar angle are accurate within ___0.1 ~ In addition, there are the following uncertainties: for changes of the azimuthal angle +_ 0.4 ~ for polarization zero • 1% and for the polarization sensitivity of the Mott detector + 7 % of the measured values. The electron energy was measured from the midpotential of the filament of the electron gun to ground potential. The energy of the electrons with respect to the crystal may differ from this energy by the contact potential between the
The scattering geometry and the notation of the polar angles of incidence and exit, 00 and ~q, respectively, and the azimuthal angle (p. q)= 0 was chosen for the scattering plane being parallel to the (110) plane of the crystal, r~ denotes the crystal surface normal tungsten filament and the crystal, but this is less than 0.5 eV. The experimental results are given with error bars which correspond to the statistical error of the counting in the Mott detector.
Experimental Results and Discussion
The rotation diagrams published up to now have shown a strong azimuth dependence. This shows E'=E+Vo,r, , 1/E E sin 0 =VE' sin 0.
The notations E' and O' are used to describe the energy and the polar angle inside the crystal. The fact that this procedure will not work in general may be seen from the rotation diagram shown in Fig. 4 . This P((p) diagram measured at an energy of 70 eV and a polar angle of 11 ~ shows a very weak dependence of the polarization on the azimuth, the polarization varying between -20 % and -30 ~o.
Irrespective of the details of the averaging procedure, the resulting polarization value will be more negative than -20 ~o, while the corresponding value in electron atom scattering is calculated to be 0 % to -10 ~o [21] at an energy of 85 eV and a polar angle of 10 ~ . This calculated value is expected to be correct, and therefore the conclusion may be drawn that an averaging procedure of polarization in a single rotation diagram will not be able to eliminate the influence of multiple scattering.
As the aim of this contribution is to give a phenomenologic interpretation of our polarization results, we just try to interpret those polarization features which are sharp peaks with respect to both the (Fig. 5a ) has a sharp minimum at 0=55 ~ Owing to the rotation symmetry of the crystal the polarization is expected to have an extremum also with respect to the azimuth for (p=0 ~ The rotation diagram of Fig. 5 c shows that this extremum exists, and that it is a maximum. Therefore, (0=55% ~0=0 ~ is a saddle point over the O-q~ plane for E = 65 eV.
Another set of P(O) and P(q)) curves, measured for E =60eV, is shown in Figs. 6 and 7. These curves contain information on the symmetry properties of the polarization [22] and the multiple scattering processes. The rotation diagrams contain the to- tation symmetry of the crystal surface which is threefold. For the measurement of the intensity and the degree of polarization in the (00) beam this symmetry would be enlargened sixfold by time reversal [22] [23] [24] [25] which is equivalent to a 60 ~ azimuthal rotation of the crystal (see for illustration Fig. 8 ). For the polarization components P~ and Pk the symmetry stays threefold, however, as has already been shown [8, 15, 26] . As regards only the P~(~0) diagrams of Fig. 7 it becomes obvious that with increasing polar angle the symmetry approaches the sixfold symmetry. This means that the multiple scattering processe s within the surface plane play a more and more predominant role, perhaps owing to the reduction of the penetration depth with increasing polar angle, which means a more glancing incidence. On the other hand, the rotation diagrams of the longitudinal component Pk show threefold symmetry up to a polar angle of 61.5 ~ owing to a selection of multiple scattering processes which include scattering out of the scattering plane. Looking at Figs. 6 and 7 it is seen that the polarization has a sharp minimum with respect to 0 and q) at 0=43.5~ and ~o--19~ This extremum is connected with a very deep minimum of the diffracted intensity. In order to investigate this polarization feature further, we measured P(~) curves around 0 =43 ~ in the energy region between 57.5 eV and 67.5 eV. The result is shown in Fig. 9 , which shows that this polarization minimum occurs at the same polar angle in the energy range from 60eV to 66.5 eV, i.e. at a fixed diffraction geometry. This leads us to the conclusion that it is connected with the Although it is possible to interpret some polarization features, e.g. those described above, by analysis of the polarization data, it seems to be necessary, in general, to determine the spin-dependent intensities, as has been shown for W(001) by analyzing surface resonance effects [271. From our measurements we only can evaluate the spin-up and spindown partial intensities I~, I, of the diffracted beams, defined by I denotes the total intensity I r +I s of the diffracted beam. Qualitatively, the partial intensities behave as the spin-dependent intensities of Ref. 27 [22] . In Fig.  10 we show an example, where at E=60eV and =58.5 ~ the polarization data P,(cp), and also the counting rate in the Mott detector (which is approximately proportional to the diffracted intensity [28] ) are used to calculate the partial intensities I,+((p) according to (5) . It can be seen from Fig. 10 that the strong maxima of the partial intensities around ~0=90 ~ lead to polarization of up to about 30 %, but the most interesting information of Fig. 10 is that the very strong variation of the polarization data around ~o=60 ~ and cp=120 ~ have no counterpart in the total intensity, which only shows weak structure. This is understood by studying the partial intensities, which show quite different behaviour: the maxima of one partial intensity occur at the minima of the other, leading to a high degree of polarization combined with a remarkably high intensity. Further, these minimum-maximum structures of the partial intensities compared to the total intensity clearly demonstrate a problem of LEED calculations: Due to the superposition of spin-up and spin-down intensity profiles, the total intensity has more peaks and less deep minima than each of the partial intensities. For any calculation treating the multiple scattering spin-independent (even as in [29] ) the results will behave qualitatively similar to each of the partial intensities. Therefore such calculations will not give the correct superposed total intensity if strong spin effects are present, e.g. for high Z-materials.
Conclusion
The results presented in this paper demonstrate, that by investigation of spin-dependent effects in LEED additional information about the scattering crystal and the scattering processes are obtained. Especially partial intensity curves for up/down spin orientation show the serious influence of spin interactions on the total intensity of diffracted beams.
